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Abstract: - In this present study a theoretical investigation is used to examine the effect of different fuel cetane 
numbers (CNs) on reducing the ignition delay and exhaust emissions from diesel engine at certain operating 
conditions. The operating conditions for such diesel engine include compression ratios, engine speeds and 
intake pressures and temperatures. For this purpose, the fuels with 40 and 50 CN were tested in a four cycle, 
four cylinders direct injection (DI) diesel engine. Theoretical analyses were conducted for the standard injection 
pressures (150 bars); the exhaust emissions were tested at engine speeds from 4500 min-1 to 1000 min-1 at full 
engine load.  The results showed that, at all operating conditions, the ignition delay decreases as the cetane 
number, compression ratio, engine speed, intake pressure and temperature are increased so that combustion 
efficiency is improved. Also the exhaust emissions NOX, SO2 and CO are reduced when the fuel CN is increased 
from 40 to 50 for the standard injection pressure (150 bars).  Increases in engine torque and power output were 
observed when the CN is increased. 
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1 Introduction 

Combustion in a Diesel engine is a complicated 
physical and chemical process, starting with the 
fuel injection into the combustion chamber to 
exhausting the burnt gases. The reason for the 
complication is that the combustion depends on 
many different parameters, such as mixing of air–
fuel, injection pressure and time [1, 2]. Fuel 
vaporization itself is also a complex process 
because, of the fuel contents, the self-ignition of the 
fuel vapor is directly related to the chemical process 
in the combustion chamber [3]. 

The efficiency of a Diesel engine depends upon 
the conversion rate of the chemical energy of the 
fuel into heat releases. This speed of heat release 
depends on the amount of fuel injected, ignition at 
an adequate time and the combustion process [1, 4]. 

Diesel engine performance, combustion 
efficiency and emissions are simply related to the 
engine design and running parameters and fuel 
properties [5, 6]. These parameters are important 
for optimization of the engine performance and for 
reducing emissions. The Diesel fuel chemical 
contents and characteristics govern the emissions 
and power-torque characteristics. 

One of the reasons for forming exhaust 
pollutants is insufficient combustion in the engine 
cylinder. Fuels properties also play a significant 
role to increase or decrease exhaust pollutants. 
Various investigations clearly reported that cetane 
number (CN) affects exhaust emissions [7–9]. 

Hydrocarbon contents in diesel fuel affect the 
combustion process. Fuel cetane number is 
increased by the parafinic hydrocarbons in the fuel. 
The ignition delay period is reduced by increasing 
the cetane number and this allows the stable 
running of the engine [10, 11]. The cetane number 
also affects the combustion efficiency and this 
ensures the engine can be started easily. However, 
if the cetane number is excessively higher than the 
normal cetane number of 46 then the ignition delay 
will be too short to spread the fuel into the 
combustion chamber. As a result of this shorter 
ignition delay and the normal cetane number of 46, 
the engine performance and smoke value will 
increase [12]. In the case of a lower cetane number, 
knocking occurs in the engine. The cetane number 
affects exhaust emissions. The NOx emissions 
decreases when the cetane number is increased 
[13]. 
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The physical properties of the fuel such as 
viscosity, volatility and flash point also affect the 
combustion process. The viscosity affects the 
pulverization and vaporization of the fuel and the 
volatility ensures good mixing of the fuel with air. 
In order to increase the cetane number some 
additives (e.g., aniline nitrate) can be used to reduce 
the ignition delay [12, 13]. 

In this theoretical study, the effect of different 
fuel cetane numbers (CNs) on ignition delay period 
and exhaust emissions from diesel engine has been 
investigated. Cetane Numbers of 40 and 50 of the 
fuels have been chosen to investigate its effect on 
combustion characteristics and exhaust emissions. 

2 Emission Formations in Diesel 

Engines 
Exhaust emissions are the Achilles’ heel of 

diesel engines. Diesel exhaust tends to be high in 
NOx and particulates, both visible (smoke) and 
invisible. Both NOx and particulates are significant 
environmental pollutants.  

Unlike the exhaust of gasoline engines, diesel 
exhaust contains much less unburned or partially 
burned hydrocarbons and carbon monoxide. 
Because of the importance of diesel emissions, it is 
worth while taking a closer look at the combustion 
process to see how they are formed.  

Since the physical and chemical processes 
taking place in a cylinder during combustion are 
very complex and not completely understood, this 
discussion is necessarily superficial. 

As fuel is injected into a cylinder under high 
pressure, it atomizes into small droplets and begins 
to evaporate as it moves away from the nozzle.  

The fuel-air ratio at any point in the cylinder 
may range from zero, at a point with no fuel, to 
infinity, inside a fuel droplet that has not yet 
vaporized. In general, the fuel-air ratio is high near 
the nozzle tip and low away from it, but because of 
the complexity of the mixing process, the fuel-air 
ratio does not change uniformly within the cylinder. 
Combustion can only occur within a certain range 
of the fuel-air ratio; if the ratio is too low, there is 
not enough fuel to support combustion, and if the 
ratio is too high, there is not enough air. 

As the fuel vaporizes into the hot air, it starts to 
oxidize. As more fuel vaporizes and mixes with air, 
the number and rate of the oxidation reactions 
increase until the end of the ignition delay period, 
when ignition occurs at many locations 
independently and combustion propagates very 
rapidly in regions which have fuel-air ratios in the 
combustible range. This initial combustion after 
ignition is called the pre-mixed combustion phase; 
it consumes only about 5% to 10% of the fuel used 
by the engine at typical full-load operation. 

At the end of the pre-mixed combustion phase, 
most of the fuel has yet to be injected or is still in a 
region that is too rich to burn. But injection 
continues and fuel continues to vaporize and mix 
with air, aided by the heat release and turbulence 
generated by the initial combustion. This quickly 
generates more gas with the required fuel-air ratio 
and combustion continues. This is called the 
diffusion controlled or mixing controlled phase of 
combustion and, ideally, consumes all of the 
remaining fuel. 

With this background, we can better understand 
how pollutants are formed during combustion in a 
diesel engine. NOx, hydrocarbons, CO, and 
particulates are all formed under different 
conditions and via different mechanisms. 

2.1 Nitrogen Oxides  

NO and NO2 tend to be formed in the 
stoichiometric and slightly lean regions where there 
is excess oxygen and the temperature is high. 
Outside of these regions, either there is insufficient 
oxygen to form NOx or temperatures are too low 
for the reactions to occur quickly enough. 

2.2 Hydrocarbons  

HC emissions can be either unburned or 
partially burned fuel molecules, and can come from 
several sources. At ignition, some of the vaporized 
fuel will already be in a region that is too lean for it 
to burn; and unless it burns later in the cycle, this 
fuel will be emitted. The cylinder walls and 
“crevice” regions around the top of the piston edge 
and above the rings are much cooler than the 
combustion gases and tend to quench flames as 
they encroach. Thus, fuel at the cylinder wall can 
contribute to HC emissions. Fuel that does not 
vaporize during a cold start makes up the white 
smoke seen under this condition. A small amount of 
fuel can also dissolve in the thin film of lubricating 
oil on the cylinder wall, be desorbed in the 
expansion stroke, and then emitted. However, since 
diesel engines operate at an overall lean fuel-air 
ratio, they tend to emit low levels of hydrocarbons. 

2.3 Carbon Monoxide  

CO is a result of incomplete combustion and is 
formed mostly in those regions of the cylinder that 
are too fuel-rich to support complete combustion, 
although it may also originate at the lean limit of 
combustible fuel-air mixtures. If temperatures are 
high enough, the CO can further react with oxygen 
to form CO2. Because diesel engines have excess 
oxygen, CO emissions are generally low. 

2.4 Particulates  

Some of the fuel droplets may never vaporize, 
and thus, never burn. But the fuel doesn’t remain 
unchanged; the high temperatures in the cylinder 
cause it to decompose. Later, these droplets may be 
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partly or completely burned in the turbulent flame. 
If they are not completely burned, they will be 
emitted as droplets of heavy liquid or particles of 
carbonaceous material.  

The conversion of fuel to particulates is most 
likely to occur when the last bit of fuel is injected in 
a cycle, or when the engine is being operated at 
high load and high speed. At higher engine speeds 
and loads, the total amount of fuel injected 
increases and the time available for combustion 
decreases.  

Also, some of the lubricating oil on the cylinder 
wall is partially burned and contributes to 
particulate emissions. Finally, a poorly operating or 
mistimed fuel injection system can substantially 
increase emissions of particulates. 

3 Diesel Fuel Parameters 
The chosen Diesel fuels with CNs of 40 and 50 

were used, respectively. Exhaust gas emissions for 
each Diesel fuel were estimated at different engine 
speeds. The main properties of the test fuels used 
for the theoretical study are given as follow below. 

3.1 Diesel Index Number 

The diesel index (DI) was calculated by using 
the formula given below: 

𝐷𝐼 =
𝐴𝑃𝐼 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (60  ℉) × 𝐴𝑛𝑖𝑙𝑖𝑛𝑒 𝑝𝑜𝑖𝑛𝑡 (℉)

100
 

The cetane number (CN) can be calculated as 
follows: 𝐶𝑁 =  

2

3
𝐷𝐼 +

0.068 [50% 𝑏𝑜𝑖𝑙𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 (℉)] −  22 

For good quality diesel oil, the aniline point is 
greater than 70 oF. 

High cetane number or high diesel index assists 
in easy starting at low temperatures, producing low 
engine pressures and smooth operation as shown in 
Fig. 1. 

 
Fig. 1 Relation between diesel index and cetane 

rating 

3.2 API gravity and specific gravity 

These are expressions of the density or weight 
of a unit volume of material. The specific gravity is 
the ratio of the weight of a unit volume of oil to the 

weight of the same volume of water at a standard 
temperature of 15 oC. API (American Petroleum 
Institute) gravity is given by:  

𝐴𝑃𝐼 =
141.5

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 𝑎𝑡 60 ℉ (15 ℃)
− 131.5  

API gravity is also an index of ignition quality. 
Higher the API gravity higher is the diesel index for 
the fuel and lower bsfc as shown in Fig. 2. 

 
Fig. 2 Effect of fuel API gravity on Engine bsfc 

(gm/kW.hr) 

3.3 Ignition quality 

For a diesel fuel smooth spontaneous ignition at 
relatively low temperature is essential. Ignition 
delay, the time period between start of injection and 
start of combustion, has a great influence on the 
correct optimization of a diesel engine. If it is too 
long the rate of pressure rise, once it starts, can 
become so rapid that severe diesel knock and 
engine damage can occur. If it is too short then 
there is not sufficient time for complete mixing and 
smoking can result. 

3.4 Cetane number 

The cetane rating of a diesel fuel is a measure 
of its ability to autoignition quickly when it is 
injected into the compressed and heated air in the 
engine. Though ignition delay is affected by several 
engine design parameters such as compression 
ratio, injection rate, injection time, inlet air 
temperature etc., it is also dependent on 
hydrocarbon composition of the fuel and to some 
extent on its volatility characteristic. The cetane 
number is a numerical measure of the influence the 
diesel fuel has in determining the ignition delay. 
Higher the cetane rating of the fuel lesser is the 
propensity for diesel knock. 

The cetane number of a fuel is the percentage 
by volume of cetane in a mixture of cetane and α-
methylnapthalene (C10H7CH3) that has the same 
performance in the standard test engine as that of 
the fuel. Cetane (C16H34) is arbitrarily given a 
number 100 and originally α-methylnapthalen was 
given a number 0 but now reference is 
heptamethylnonane which is given the value 15.   
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There is a relationship between octane number 
(ON) and cetane number (CN) is given by: 

𝐶𝑁 =  
104 − 𝑂𝑁

2.75
 

It is clear that a good diesel engine fuel is a bad 
gasoline engine fuel. Diesel fuels have typical 
cetane rating of 40 to 60 while high octane fuels as 
gasoline which are difficult to autoignition have 
cetane number of about 10 to 20 indicating their 
poor suitability as a diesel fuel. 

Cetane number is the most important single 
fuel property which affects the exhaust emissions, 
noise and startability of a diesel engine. In general, 
lower the cetane numbers higher are the 
hydrocarbon emissions and noise levels. Low 
cetane fuels increase ignition delay so that start of 
combustion is nearer to top dead centre. This is 
similar to retarding of injection timing which is also 
known to result in higher hydrocarbon levels. 

4 Theoretical Approaches 
The theoretical approaches are used to examine 

the effect of different fuel cetane numbers (CNs) on 
reducing the ignition delay and exhaust emissions 
from diesel engine at certain operating conditions 
by taking different intake pressures and 
temperatures with different compression ratios, 
different fuel types with CN 40 & 50 at different 
engine speeds. 

The diesel engine was run to reach the normal 
working temperature. Exhaust emissions were 
carried out first for diesel fuel with a cetane number 
of 40. Then fuel with cetane numbers of 50 was 
tested in that order for an injection pressure of 150 

bars. All initial conditions were kept constant for 
each diesel fuel (oil and water temperature, fuel 
temperature and advance values). 

The diesel fuels were used at injection pressure 
of 150 bars. For these parameters, exhaust 
emissions were tested at engine speeds from 4500 

min-1 to 1000 min-1 at full engine load. All 
theoretical data were collected and printed out. The 
results were compared with each other to show the 
differences and effects of cetane numbers on diesel 
emissions. 

An empirical formula used to estimate the 
period of ignition delay (τi) in diesel engine is given 
by [14]: 

𝜏𝑖(𝐶𝑟𝑎𝑛𝑘 𝐴𝑛𝑔𝑙𝑒) = (0.36 +

0.22𝑆𝑃)𝑒𝑥𝑝 [𝐸𝐴 (
1

𝑅𝑇
−

1

17190
) (

21.2

𝑃−12.4
)

0.63
]  

Where,  
Sp = mean piston speed (m/s), 

SP = 2×L×N 

EA = Activation Energy, 

 𝐸𝐴 =
618840

𝐶𝑁+25
 

R = Universal gas constant, 
R = 8.314 kJ/kmol.K 

T = Temperature at Top Dead Center (TDC), 
𝑇𝑇𝐷𝐶 =  𝑇𝑖 × 𝑟𝐶

𝑛−1 
Ti = Intake temperature (K) 
rC = Compression ratio 
P = Pressure at Top Dead Center (TDC),   

𝑃𝑇𝐷𝐶 =  𝑃𝑖 × 𝑟𝐶
𝑛 

Pi = Intake pressure (bar) 
τi (ms) = Ignition delay in millisecond, 

𝜏𝑖(𝑚𝑠) =
𝜏𝑖(𝐶𝑟𝑎𝑛𝑘 𝐴𝑛𝑔𝑙𝑒)

(0.006 × 𝑁)
 

5 Results of the theoretical 

approaches 

For a diesel fuel smooth spontaneous ignition at 
relatively low temperature is essential. Ignition 
delay, the time period between start of injection and 
start of combustion, has a great influence on the 
correct optimization of a diesel engine. If it is too 
long the rate of pressure rise, once it starts, can 
become so rapid that severe diesel knock and 
engine damage can occur. If it is too short then 
there is not sufficient time for complete mixing and 
smoking can result. 

The cetane rating of a diesel fuel is a measure 
of its ability to autoignition quickly when it is 
injected into the compressed and heated air in the 
engine. Though ignition delay is affected by several 
engine design parameters such as compression 
ratio, injection rate, injection time, inlet air 
temperature etc., it is also dependent on 
hydrocarbon composition of the fuel and to some 
extent on its volatility characteristic. The cetane 
number is a numerical measure of the influence the 
diesel fuel has in determining the ignition delay. 
Higher the cetane rating of the fuel lesser is the 
propensity for diesel knock. 

The fuel CN is effective to improve the 
combustion by reducing the ignition delay. It is so 
clear that at CN = 40 and at different compression 
ratios, intake pressures and temperatures the 
ignition delay decreases as the compression ratios, 
intake pressures, temperatures and engine speeds 
are increased. Moreover, the reduction in ignition 
delay was more remarkable at lower engine speeds 
and lower compression ratios, as shown in figures 
3-5. 
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Fig. 3 Variation of Ignition delay against engine 

speed for CN = 40 at Pi = 1 bar and Ti = 15 oC 

 
Fig. 4 Variation of Ignition delay against engine 

speed for CN = 40 at Pi = 1.5 bar and Ti = 25 oC 

 
Fig. 5 Ignition delay against engine speed for  

CN = 40 at Pi = 2.5 bar and Ti = 40 oC 

 As shown in figures 6-8, at different operating 
conditions, the ignition delay decreased as the 
cetane number increased to CN = 50 compared to 
the same cases at CN = 40.   

 
Fig. 6 Ignition delay against engine speed for  

CN = 50 at Pi = 1 bar and Ti = 15 oC 

 
Fig. 7 Ignition delay against engine speed for  

CN = 50 at Pi = 1.5 bar and Ti = 25 oC 

 
Fig. 8 Ignition delay against engine speed for  

CN = 50 at Pi = 2.5 bar and Ti = 40 oC 

The fuel CN is effective to improve the 
combustion process of diesel engine. In the case of 
increasing CN from 40 to 50, ignition delay is 
reduced so that combustion efficiency is improved 
as shown in Fig. 9. 

 
Fig. 9 Ignition delay against engine speed for 

CN = 40 and CN = 50 at Pi = 1 bar and  

Ti = 15 oC 

The variation in NOx emissions with cetane 
number is shown in Fig. 10 keeping the injection 
pressure constant at 150 bars. It can be seen from 
the graphs that NOx emissions decrease when the 
fuel cetane numbers are increased. The lowest value 
of NOx is obtained for 1000 min-1 engine speed. 
The tendency to reduce NOx can be observed for all 
speeds, 1000, 3000 and 4500 min-1, by increasing 
the CN. This can be attributed to the fact that 
increasing CN ensures shorter ignition delay and, 
hence, better combustion.  
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Fig. 10 Variations of Nitrogen Oxide (NOX) by 

CN 

The variation in SO2 emissions with cetane 
number is shown in Fig. 11 keeping the injection 
pressure constant at 150 bars. It can be seen from 
the graphs that SO2 emissions decrease when the 
fuel cetane numbers are increased. The lowest 
value of SO2 is obtained for 1000 min-1 engine 
speed. The tendency to reduce SO2 can be 
observed for all speeds, 1000, 3000 and 4500 

min-1, by increasing the CN. This can be 
attributed to the fact that increasing CN ensures 
shorter ignition delay and, hence, better 
combustion. 

 
Fig. 11 Variations of sulphur dioxide (SO2) 

by CN 

A reduction in CO emission can be seen at 
lower engine speeds when the cetane number is 
increased from 40 to 50 shown in Fig. 12. 
Emissions of CO are therefore greatly dependent on 
the air-fuel ratio relative to the stoichiometric 
proportions. As diesel engines operate with an 
overall lean mixture, their CO emissions are 
normally well below legislated limits and of not 
much concern. Any CO from diesel engine is due to 
incomplete mixing, with combustion taking place in 
locally rich conditions. 

 
Fig. 12 Variations of Carbon Monoxide (CO) 

by CN 

The effect of fuel CN on the engine 
performance is shown in Fig. 13. It is clearly seen 
that engine torque and power are improved when 
the fuel CN is increased. These changes can be 
observed more clearly for the CNs between 40 and 
50.  

 
Fig. 13 Effect of CN on the engine  

performance 

6 Conclusions 
In this present study a theoretical model is 

used to examine the effect of different fuel cetane 
numbers (CNs) on ignition delay period, exhaust 
emissions and performance of diesel engine. The 
results showed that the ignition delay is decreased 
as fuel cetane number, engine speed, intake 
pressures and temperatures and compression ratios 
are increased. Also, by increasing CN, ignition 
delay is reduced so that combustion efficiency is 
improved. The NOx and SO2 emissions are reduced 
when the fuel CN is increased. The CO emissions 
are reduced when the fuel CN is increased at lower 
engine speed. Finally, engine torque and power are 
improved when the fuel CN is increased.  
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